Simultaneous gradients of phosphorus and light were applied in experimental streams to develop quantitative relationships between these two important abiotic variables and the growth and composition of benthic microalgae. Algal biovolume and whole-stream metabolism responded hyperbolically to phosphorus enrichment, increasing approximately two-fold over the 5-300 mg L 21 range of experimental phosphorus concentrations. The saturation threshold for phosphorus effects occurred at 25 mg L 21 of soluble reactive phosphorus (SRP). Light effects were much stronger than those of phosphorus, resulting in a nearly ten-fold increase in algal biovolume over the 10-400 mmol photons m 22 s 21 range of experimental irradiances. Biovolume accrual was light-saturated at 100 mmol photons m 22 s 21 (5 mol photons m 22 d 21 ). Light effects were diminished by low phosphorus concentrations, and phosphorus effects were diminished by low irradiances, but evidence of simultaneous limitation by both phosphorus and light at subsaturating irradiances was weak. Contrary to the light : nutrient hypothesis, algal phosphorus content was not significantly affected by light, even in the lowest SRP treatments. However, algal nitrogen content increased substantially at lower irradiances, and it was very highly correlated with algal chlorophyll a content. Phosphorus enrichment in streams is likely to have its largest effect at concentrations ,25 mg L 21 SRP, but the effect of enrichment is probably minimized when streambed irradiances are kept below 2 mol photons m 22 d 21 by riparian shading or turbidity.
Primary production by algae provides a high-quality food base for a great number of heterotrophs in aquatic habitats. Variation in the rate of primary production propagates throughout freshwater ecosystems, affecting food webs, community structure, biogeochemical cycling, and even the bioaccumulation of environmental contaminants (Vannote et al. 1980; Smith 2003; Hill and Larsen 2005) . When abiotic constraints on algal growth are relaxed, the rate of algal production can outpace its rate of consumption by herbivores, and the potential for habitat degradation by excessive algal biomass becomes a matter of practical concern. Abiotic variables regulating algal growth are therefore of considerable interest to aquatic ecologists and environmental managers. Among the abiotic factors likely to limit autotrophic production in freshwater ecosystems, nutrients and light stand out.
The relationship between nutrients and algal production has been a focus of aquatic ecologists for decades. The role of phosphorus in pelagic freshwater ecosystems has received a particularly large research effort, resulting in highly quantitative descriptions of the effects of phosphorus on phytoplankton biomass in lakes (Vollenweider 1976) . Attempts to develop predictive models of nutrient effects in streams have been much less successful: regressions of benthic chlorophyll a (Chl a) vs. phosphorus or nitrogen are characterized by large amounts of unexplained variance, only some of which can be accounted for by the effects of disturbance (Biggs 2000; Dodds et al. 2002) . The failure to find reasonably precise quantitative relationships between nutrients and algal biomass has frustrated stream ecologists and impeded the development of protective nutrient standards. There are probably a number of reasons for this failure, but the confounding effects of multiple limiting factors undoubtedly contribute significantly to the problem.
Light is one of the most important factors affecting primary production in streams. Many streams experience low benthic irradiances because of high loads of suspended sediment or because of the shade cast by riparian vegetation, and low streambed irradiances have been implicated as a significant constraint on lotic primary production many times (Vannote et al. 1980; Steinman 1992; Hill et al. 1995) . Streamside trees are very effective at intercepting solar radiation, reducing benthic irradiances to 10 mmol photons m 22 s 21 or less in streams flowing through undisturbed forests. Irradiances this low are a powerful constraint on benthic algal photosynthesis (Hill et al. 1995 (Hill et al. , 2001 . Because riparian vegetation varies widely both within and among stream systems, the degree of light limitation will also vary widely, confounding attempts to quantify the potential effects of nutrients. Very few studies have attempted to quantify the relationship between light and stream algal growth (Rier and Stevenson 2006) . Numerous photosynthesis-irradiance relationships have been determined for stream algae (Hill 1996) , but it is unclear how well these relationships predict the growth response of algae to light since biosynthesis of new cells involves more than just short-term carbon uptake.
The potential for nutrients and light to colimit algal growth complicates attempts to predict lotic primary production. The effect of one factor may override the effect of the other, and simultaneous limitation may occur even when both factors occur at low levels. Simultaneous limitation can theoretically occur in multi-species assemblages when some members of the assemblage are more susceptible to limitation by one factor, and vice versa. It may also occur when the availability of one resource compensates for the scarcity of another (Healy 1985) . Nitrogen availability, for example, is known to influence the efficiency with which algal cells fix carbon at low irradiances (Rhee and Gotham 1981; Geider et al. 1998) . Simultaneous limitation may have special relevance for stream algae since the lowest concentrations of nutrients are found in forest streams where light is also likely to be limited (Omernik 1977; Binkley et al. 2004) .
Nutrients and light influence the composition of algal cells as well as their production rates. A basic tenet of the light : nutrient hypothesis (Sterner et al. 1997 ) is that algal nutrient content (i.e., phosphorus per unit dry mass) is determined by the balance of the two factors. Within physiological bounds, the phosphorus or nitrogen content of algal cells increases with increasing phosphorus or nitrogen concentrations in the surrounding water (Dugdale 1967) . Light also affects nutrient content, increasing the rate at which photosynthetically derived carbon is stored, causing a dilution of nutrients by carbon within algal cells (Sterner and Elser 2002) . Photoacclimation also contributes to the negative relationship between light and nutrient content, at least when the nutrient is nitrogen. Higher concentrations of nitrogen in the cell are required to manufacture the increased concentrations of photosynthetic pigments (e.g., Chl a) needed to capture scarce photons at low irradiances (Falkowski and Raven 1997) . Phosphorus requirements have also been hypothesized to increase as a result of the demands of photoacclimation (Hessen et al. 2002; Dickman et al. 2006) . Research on phytoplankton supports the negative relationship between light on algal nutrient content, but this relationship has been demonstrated inconsistently in benthic studies (Frost and Elser 2002; Hillebrand et al. 2004; Hill and Fanta 2008) . Large amounts of non-algal carbon in benthic algal communities may diminish the applicability of the light : nutrient hypothesis in streams (Frost et al. 2005) .
In this study, simultaneous gradients of phosphorus and light were applied to large experimental streams to examine the combined effects of two important abiotic factors on benthic algal assemblages. The controlled environment of the experimental streams allowed phosphorus and light levels to be manipulated with sufficient precision that quantitative relationships could be developed between these important environmental variables and benthic algae. We looked for threshold responses in growth and metabolism that would be useful in establishing a phosphorus standard protective against eutrophication, and we looked to see to what extent phosphorus effects could be muted by light availability. The simultaneous, controlled manipulation of phosphorus and light allowed us to: (1) compare the relative strengths of phosphorus and light limitation; (2) examine the potential for colimation; and (3) test the predictions of the light : nutrient hypothesis that the food quality of algae is diminished as light intensity increases.
Methods
Treatments-Phosphorus and light were manipulated in six 22-m long, 0.3-m wide indoor streams at the Oak Ridge National Laboratory. The streams were supplied with unfiltered water from First Creek, a spring-fed, oligotrophic stream draining Chestnut Ridge on the Oak Ridge Reservation. Nutrient concentrations in First Creek water are relatively low: soluble reactive phosphorus (SRP) is ,8 mg L 2 1 and dissolved inorganic nitrogen is ,150 mg L 21 (Hill and Fanta 2008) . The inflow of First Creek water into each stream was maintained at 0.30 6 0.02 (standard deviation) L s 21 in this study by monitoring discharge daily in each stream and adjusting it as necessary.
Phosphorus and light manipulations were applied in three sequential experiments, which ran 21 January-09 February 2006 , 11-28 February 2006 , and 09-24 March 2006 . In each experiment, six different phosphorus levels were applied randomly to the six streams. Stock solutions of dissolved sodium phosphate (Na 2 HPO 4 ) were pumped from carboys at the heads of the streams with peristaltic pumps at a rate calculated to achieve specific target concentrations. Target concentrations of SRP in the streams were 6 mg L 21 , 12 mg L 21 , 25 mg L 21 , 75 mg L 21 , 150 mg L 21 , and 300 mg L 21 in the first two experiments and 6 mg L 2 1 , 12 mg L 2 1 , 25 mg L 2 1 , 50 mg L 2 1 , 75 mg L 21 , and 150 mg L 21 in the third experiment. The lowest phosphorus concentration in each experiment was always that of unenriched First Creek water (no Na 2 HPO 4 was added to the stock solution), which was initially estimated at 6 mg L 21 SRP. Dissolved sodium nitrate (NaNO 3 ) was included in the stock solutions to ensure that nitrogen did not limit algal growth; it was added in an amount calculated to result in a nitrogen concentration $300 mg L 21 in the streams. Because the 50 mg P L 21 treatment was applied in only one experiment, data from this treatment was not included in this paper.
Five different light levels in each stream were created for the first two experiments and six different levels were created for the third experiment. Overhead lamps (Sylvania 400 W metal halide) provided background irradiances of <100 mmol photons m 22 s 21 ; irradiances below these were achieved by shading 1-m sections of the downstream half of each stream with nylon window screening. Different sections were shaded with different numbers of layers of screening (each layer reduced light transmission 40-50%). A light level higher than that supplied by the overhead lamps was achieved by mounting a 300 W halogen work light directly over a specific section of each stream within 40 cm of the stream bottom. The locations of all the light treatments were randomly assigned within the downstream half of each stream in each experiment. The upstream sections of the streams received only the background irradiance provided by the overhead lamps. A photoperiod of 14 : 10 light : dark was maintained throughout each experiment with automatic timers.
Substrata in the streams consisted of continuous mats of unglazed, square ceramic tiles. Individual tiles served as sampling units; each tile was 2.4 cm 3 2.4 cm 3 0.6 cm. Cobbles from First Creek were placed at the heads of the streams to provide a source of microalgae for the streams, but the unfiltered First Creek water flowing into the streams undoubtedly contained additional microalgal colonists as well. Macroinvertebrate colonists were limited to a few small chironomid larvae at the end of the experiments.
Dissolved nutrients and temperature-Water samples for nutrient analysis were collected every 2 d, at the halfway point in each stream (just upstream of the first light treatment section). Samples were collected at midmorning, <3 h after the lights were turned on. These samples were filtered through precombusted Whatman GF/F filters, and frozen at 220uC. SRP was later analyzed with the ascorbic acid method (APHA 2005) . Nitrate was analyzed by secondderivative spectroscopy with a Uvikon spectrophotometer (Crumpton et al. 1992) . Mean nitrate concentrations in the three experiments ranged from 370 mg mol L 21 to 450 mg mol L 21 . Water temperature was measured daily at the outlet of each stream. The range of water temperatures during the experiments was small: 11-13uC, 10-12uC, and 13-15uC for experiments 1, 2, and 3, respectively. Temperature differences between streams were ,1uC.
Benthic algae-Samples for Chl a analysis were collected every other day, beginning when the tiles first began to show color, 3-4 d after the application of phosphorus and light treatments. Sampling continued for 13 d. Tiles from each light-treatment section in each stream were carefully removed from the stream and placed in individuallymarked plastic Petri dishes within an ice-filled cooler. Photosynthetically active radiation (PAR) was measured with a quantum sensor (LiCor Li 190) at the specific location of each tile collected. Attached algae were removed by brushing the tile surfaces with a stencil brush and rinsing with deionized water. Aliquots for Chl a analysis were filtered onto Whatman GF/C filters and stored frozen at 280uC. An aliquot for dry mass and nutrient content were also taken in the third experiment; this aliquot was filtered onto a Whatman GF/F filter and frozen at 280uC.
Filters for Chl a analysis were immersed in 90% ethanol in centrifuge tubes, sonicated with a Branson probe sonicator for 30 s at 50 W, and then allowed to extract in the dark for 24 h. The ethanol was maintained at 4uC during all parts of the extraction process to minimize pigment degradation. The extract was clarified by centrifugation at 4uC and analyzed spectrophotometrically for Chl a concentration, using the specific absorption coefficient 11.99 (Sartory and Grobbelaar 1984) . Chlorophyll a was corrected for pheopigments. Filters for dry mass and nutrient analysis were dried at 60uC, weighed, and then cut in half for separate analyses of phosphorus and nitrogen. One half-filter was weighed, ashed at 480uC, reweighed, and placed in a vial containing 5 mL of 1 mol L 21 HCl. Phosphorus was extracted by heating the vials to 80uC for 1 h. The acid extracts were diluted to 50 mL with doubledeionized water and analyzed for phosphorus content by the ascorbic acid method. Standard reference material (tomato leaves, NIST SRM 1573a) were analyzed concurrently with the algal samples for quality assurance purposes; phosphorus recovery from the SRM was .95%. The other half-filter was sent to the University of California Davis Stable Isotope Laboratory where total nitrogen content was analyzed with a Europa Hydra 20/20 continuous flow isotope mass ratio spectrometer.
Samples for biovolume and assemblage analysis were collected at the end of each experiment by carefully removing tiles from the stream, brushing their surfaces with a stencil brush, and rinsing the tiles with deionized water. The resulting algal slurry was preserved with Lugol's solution. Preserved samples were later examined with an inverted microscope at 10003 magnification. At least 500 cells were enumerated in each sample. Diatoms were identified to species level with the help of subsamples that were cleared with hot H 2 O 2 , mounted in Naphrax, and examined with a compound microscope at 10003. Cell volumes were calculated with standard geometric formulae (Hillebrand et al. 1999) , or with simple three-dimensional models, using dimensions measured on at least 10 individual cells for each major taxon. Biovolume density (mm 3 cm 22 ) for each taxon was computed by multiplying its areal density (No. cells cm 22 ) by its cell volume.
Stream metabolism-Whole-stream metabolism was measured on 2 d at the end of each experiment (07-08 February 2006 , 25-26 February 2006 , and 23-24 March 2006 to assess phosphorus effects on algal production and respiration. Only phosphorus effects could be detected with these measurements, as the same array of light treatments was applied to each stream. The average whole-stream light intensity during the metabolism measurements was <100 mmol photons m 22 s 21 since only ,20% of the length of the stream was shaded by the window screening.
Daily stream metabolism rates were made with the twostation, open system method of Marzolf et al. (1994) as modified by Young and Huryn (1998) . Measurements of dissolved oxygen (DO) and water temperature were made at 4-min intervals at the upstream ends of two streams and the downstream ends of all streams with Yellow Springs International model 600XL sondes equipped with model 6952 DO probes. DO percent saturation was determined from DO concentration, water temperature, and barometric pressure.
Ecosystem metabolic rates were determined from the rate of change in DO concentration, using the equation DDO 5 GPP 2 ER + E, where DDO is the change in DO concentration (g O 2 m 23 ), GPP is the volumetric gross primary production (g O 2 m 23 ), ER is the volumetric ecosystem respiration (g O 2 m 23 ), and E is the net exchange of O 2 with the atmosphere (g O 2 m 23 ) between the upstream and downstream sondes. The net exchange of O 2 with the atmosphere is the product of the O 2 reaeration coefficient (k O2 ) and the average DO deficit (DO concentration at 100% saturation minus the DO concentration in stream water) over the measurement interval. Reaeration coefficients were determined using simultaneous, continuous injections of propane gas (volatile tracer), and concentrated NaCl (conservative tracer) in several streams on multiple dates during each experiment (total of 12 injections), following methods detailed in Roberts et al. (2007) . Since no discernable differences in k O2 values were found among treatments, we used the mean k O2 value (0.0303 6 0.0053 min 21 ) for all metabolism calculations. Daytime ER was estimated by averaging ER during the hour before dawn and the first hour after dusk (Roberts et al. 2007) . GPP for each daytime interval was the difference between the net metabolism flux and interpolated ER. Daily volumetric GPP and ER rates (g O 2 m 23 d 21 ) were calculated as the sum of the 4-min rates over each 24-h period. Daily net ecosystem production (NEP) rates (GPP 2 ER) were calculated as the sum of the 4-min net metabolism fluxes. These volumetric rates were converted to areal units (g O 2 m 22 d 21 ) by dividing by the mean water depth (determined from sodium chloride [NaCl] injections; Roberts et al. 2007 ) of stream reaches. No discernable differences in mean depth values were found among treatments, so we used the mean depth value (0.0195 6 0.0020 m) for all metabolism calculations. Bulk water velocity calculated from the NaCl injections averaged 10 cm s 21 over the course of the experiments (Hill et al. 2008 ).
Data analysis-Phosphorus and light effects were tested in a split-plot analysis of variance using Proc Mixed in Statistical Analysis System (SAS 2000) , specifying an experiment 3 phosphorus interaction term as a random effect. Algal responses to light and to phosphorus concentration were also modeled with standard equations. A modified Jassby and Platt (1976) hyperbolic tangent equation was used to describe light effects. The equation was P 5 P max tanh(a[I 2 I c ]/P max ), where P is the response parameter (e.g., biovolume) analyzed at any irradiance, P max is the estimated maximum value of the parameter at a saturating irradiance, a is the estimated initial slope of the parameter vs. irradiance curve, I is the irradiance, and I c is the estimated compensation point irradiance where the response parameter equaled zero. The Monod equation (Monod 1950 ) was used to describe phosphorus effects. The equation was P 5 P max (S/[K bio + S]), where P is the parameter value at any given phosphorus concentration, P max is the estimated maximum value of the parameter at saturating phosphorus concentration, K bio is the estimated half saturation constant, and S is the SRP concentration. Coefficients in both equations were estimated with the Marquardt-Levenberg algorithm in SigmaPlot 9.0 (Systat). Data used to fit the modified hyperbolic tangent equation were means for the six light treatments averaged over all experiments vs. light means averaged in the same way (n 5 18 for ''+, 0, 1, 2, 3'' treatments, and n 5 6 for the ''4'' treatment). The dependent variables used in the Monod equation to describe phosphorus effects were the overall means calculated by averaging the responses for all light treatments within each stream (5 each target SRP concentration) and then averaging these means across all three experiments (n 5 3 for each mean used in the curve fitting process). The independent variable was the mean of the measured SRP concentration for each target phosphorus concentration averaged over three experiments (n 5 3). Data from light treatment ''4'' was not included in the curve-fitting analysis of phosphorus effects because this treatment level occurred only in the third experiment and could have biased the mean responses to SRP as a result of overall differences between experiments.
Results
Treatments-Consistent gradients in both phosphorus concentration and light were maintained in all three experiments (Table 1) . Measured SRP concentrations were very close to target SRP concentrations at the three lowest treatment levels, varying ,2 mg L 21 between experiments. Greater variability occurred at the three highest treatment Algal accrual dynamics-Chl a accrued steadily in all treatments throughout the 13-d sampling period, achieving relatively high levels in each stream by the end of all three experiments. The time-course of accrual exhibited a slightly nonlinear increase initially, but was approximately linear after day 7 (Fig. 1) . Streams with the lowest phosphorus treatment consistently had the lowest mean Chl a values. Mean Chl a values in streams with higher phosphorus concentrations exceeded 15 mg cm 22 by the end of the experiments.
Algal biovolume-Both phosphorus and light had nonlinear effects on algal growth. Algal biovolume at the end of the experiments increased with increasing phosphorus up to 24 mg L 21 SRP, after which biovolume appeared to reach a plateau (Fig. 2a) . The Monod equation fit to the means was: biovolume 5 2.66 3 SRP/(4.11 + SRP), where 2.66 was the biovolume (mm 3 cm 22 ) and 4.11 was the halfsaturation constant (mg L 21 ). Light effects were hyperbolic as well, increasing almost linearly through the ''1'' treatment (62 mmol photons m 22 s 21 ) then leveling off at ''0'' and ''+'' treatments (106 mmol photons m 22 s 21 and 372 mmol photons m 22 s 21 ; Fig. 2b ). The modified Jassby and Platt (1976) hyperbolic tangent equation described the biovolume response to light almost perfectly (r 2 . 0.99). The fitted equation was as follows: biovolume 5 3.00 3 tanh(0.068 3 (I 2 4.97)/3.00), where 3.00 was the maximum biovolume (mm 3 cm 22 ), 0.068 was the initial slope (a), and 4.97 was the calculated light compensation point (mmol photons m 22 s 21 ). Analysis of variance confirmed the significant overall effects of both phosphorus and light on algal biovolume (Table 2) .
The effect of light varied with phosphorus concentration, as light effects were smallest in streams with the lowest SRP concentrations (Fig. 2c) . Nonetheless, light effects were statistically significant at each SRP concentration (p , 0.05, Spearman's correlation analysis). Phosphorus effects also varied with light: biovolume differences between phosphorus treatments increased with increasing irradiance (Fig. 2c) . Although correlations (Spearman's) between biovolume and SRP were positive for all individual light treatment levels, the correlation was statistically significant (p , 0.05) only for the highest light treatment.
Algal assemblage structure-Diatoms dominated algal assemblages in all treatments, accounting for .95% of total algal biovolume. Four species (Melosira varians, Gomphonema truncatum, Fragilaria rumpens, and Achnanthidium minutissima) together contributed .80% of total algal biovolume. The absolute biovolumes of all four species increased with increasing phosphorus and light (p , 0.05), with the exception of A. minutissima, whose absolute biovolume increased only with light (data not shown). Differences between species were more apparent in terms of relative biovolume: M. varians and F. rumpens were relatively more abundant as light increased, while G. truncatum and A. minutissima were relatively less abundant as light increased (Fig. 3) . Phosphorus effects on assemblage structure were generally small compared to light effects (Fig. 3) , and only A. minutissima was significantly affected (negatively) by SRP concentration (Table 2) .
Nutrient content-Periphyton phosphorus content increased with increasing streamwater SRP (r 5 1.0, p , 0.02), reaching a near-maximum value by 66 mg L 21 SRP (Fig. 4a) . Contrary to predictions, phosphorus content did not decrease with increasing irradiance, even in streams with the lowest SRP (Fig. 4b) . Nitrogen content was very sensitive to light, however, decreasing hyperbolically with increasing irradiance (Fig. 4d) . At all irradiances, nitrogen content was lowest in the stream with the lowest SRP (Fig. 4d) , but the overall correlation between nitrogen content and SRP was not statistically significant (Fig. 4c) .
Chlorophyll a content-Periphyton Chl a per unit dry mass was highly influenced by the experimental treatments. It declined markedly as irradiance increased: periphyton growing at low irradiances had many times more Chl a per dry mass than did periphyton growing at high irradiances (Fig. 5a) . Chlorophyll a also increased as periphyton phosphorus increased, although the overall correlation between Chl a and periphyton phosphorus was not statistically significant (Fig. 5b) . The correlation was significant (r 5 0.62, p 5 0.03) if only the two lowest phosphorus treatments (5 mg L 21 and 12 mg L 21 SRP; open symbols in Fig. 5b) were included in the analysis, however. Periphyton phosphorus was also a highly significant (p , 0.01) predictor of Chl a content for all phosphorus treatments when it was included with light as an independent variable in a multiple regression analysis (r 2 5 0.65). Periphyton nitrogen content was strongly and linearly related to Chl a content (Fig. 5c) . It also was a significant variable (p , 0.001) when paired with light (p , 0.01) in a multiple regression analysis of Chl a content (r 2 5 0.90).
Stream metabolism-All three metabolic parameters increased with phosphorus enrichment. GPP in the streams was a hyperbolic function of phosphorus concentration, exhibiting an initial increase in productivity up to 24 mg L 21 , then leveled off at higher concentrations (Fig. 6 ). The Monod model fit the data very well (r 2 5 0.97) and derived a half-saturation constant (K s ) of 6.4 mg L 21 . The response of NEP to phosphorus concentration was similar to that of GPP, but did not conform to the Monod model as well (r 2 was only 0.55). Respiration increased nonlinearly with increasing SRP and fit the Monod model moderately well (r 2 5 0.75). The observed rate of respiration at 310 mg L 21 was greater than predicted by the model; this high respiration rate was responsible for the unexpectedly low NEP at 310 mg L 21 . Analysis of variance confirmed the significant effect of phosphorus on stream metabolism (Table 2) .
Discussion
Despite the fact that nutrients and light are two of the most prominent limiting factors in aquatic habitats, their combined effects are rarely examined. This is particularly problematic for stream ecology because the levels of both nutrients and light vary widely within and among streams. They also covary: low nutrient concentrations and light intensities frequently co-occur in undisturbed forested streams, and anthropogenic landscape processes such as agriculture or urban development simultaneously increase nutrient loading while altering streambed irradiances through reduced riparian vegetation or increased silt loads. The covariance between nutrients and light confounds attempts to quantify the effects of nutrients on lotic primary production with survey data (Dodds et al. 2002) , as do the contribution of other factors to primary production such as spates (Biggs 2000) .
The results of this study help address a data gap in stream ecology, providing quantitative descriptions of the individual and combined effects of phosphorus and light on benthic algal development. Relatively precise relationships were obtained because of the degree of control and replication afforded by the experimental streams in this study. Similar results would have been difficult if not impossible in a field study. Although there is an inevitable tradeoff between precision and natural context, we felt the large indoor streams were an effective compromise between the two. They provided a flow-through environment with both water and algal assemblages from a natural stream while still allowing controlled manipulations of phosphorus concentration and light intensity. As a consequence, we were able to obtain acceptably precise relationships between phosphorus, light, and algal growth that can be extrapolated to natural streams. Accrual dynamics and Chl a-The accrual of benthic algal biomass generally proceeds as a period of exponential growth followed by a period of slower growth to an asymptote or peak biomass (Biggs 1996) . In the absence of grazing or spates, autogenic sloughing of mature assemblages frequently occurs after maximum biomass is attained. The accrual of Chl a in our experiments appeared to be a combination of early exponential growth and subsequent linear growth, and the experiments were terminated before evidence of an asymptote or peak. Chl a levels at the end of the experiments did indicate that relatively high levels of biomass had been attained, however, as mean Chl a on the last day of sampling ranged from 10 mg cm 22 to 17 mg cm 22 . Chl a values this high include 80% to 95% of the cumulative frequencies of Chl a measurements in the large literature data set reviewed by Dodds et al. (2002) . The development of at least moderately large algal standing biomass was important in this study because later stages of development are likely to experience different growth kinetics and respond differently to resource limitation than thin, immature stages (Bothwell 1989) . In this paper, ''growth'' is used to describe the accrual of biomass rather than an intrinsic rate of increase. Biomass accrual is the integration of both gains (e.g., cell Fig. 3 . Light effects on algal assemblage composition. The four species contributing most to algal biovolume are shown. Data points represent means; n 5 3 for all phosphorus concentrations except 300 mg L 21 , where n 5 2. Error bars omitted for the sake of clarity. Symbol codes are the same as in Fig. 2 . division) and losses (e.g., detachment and downstream drift of cells and filaments). Chlorophyll a was used to monitor the development of algal assemblages in this study because it is a relatively cheap and simple proxy for algal biomass. It is widely employed in research, environmental assessment, and monitoring for the same reasons. Chlorophyll a should be used and interpreted cautiously because of the sensitivity of cellular levels of Chl a to light and nutrients, however. This paper provides graphic evidence of this sensitivity: the Chl a : dry mass ratio in our experiments varied by a factor of five over the full range of light and phosphorus treatments (Fig. 5) . Because of the variable nature of Chl a, algal biovolume was the principal biomass parameter used in this study to quantify phosphorus and light effects.
Phosphorus effects on algal biovolume and stream metabolism-The relationship between phosphorus concentration and both biovolume and primary production fit the traditional Monod growth model well (r 2 . 0.94 for biovolume and GPP). Some variability in the response to phosphorus was caused by the variety of light levels in the study and by experiment-to-experiment variability, but the overall relationship between phosphorus and the algal growth parameters was clearly hyperbolic, showing strong evidence of growth limitation at lower treatment concentrations and growth saturation at higher ones (Figs. 2a, 6 ). Both biovolume and primary production were significantly lower at the two lowest SRP concentrations, indicating that the algal growth in this experiment was limited by inadequate phosphorus at concentrations ,25 mg L 21 and phosphorus-saturated at or near concentrations of 25 mg L 21 .
The saturation threshold of <25 mg L 21 obtained in this study is similar to thresholds reported from a relatively limited number of studies that also quantified stream algal growth over a range of phosphorus concentrations. Horner et al. (1983) observed that the productivity of algal assemblages dominated by the green alga Mougeotia saturated at 25 mg L 21 SRP; Bothwell (1989) found that the peak biomass of diatom assemblages was obtained by 30-50 mg L 21 SRP; Rier and Stevenson (2006) reported saturation levels for growth and peak biomass of stream diatoms to be 16 mg L 21 and 38 mg L 21 SRP; and Hill and Fanta (2008) observed growth rate saturation of stream diatoms at $22 mg L 21 . The similarity of these results is somewhat surprising given that nutrient uptake and growth by benthic algae can be influenced by water velocity, algal standing crop, interactions with temperature and light, and species-specific differences in nutrient requirements (Borchardt 1996) . It is unlikely that these variables were uniform between the different studies, so the similarity in saturation values suggests that 25 mg L 21 is a relatively robust saturation threshold for stream algae.
The concentration of phosphorus necessary to saturate growth in benthic algae appears to be substantially higher than that required to saturate phytoplankton growth. A benthic saturation threshold of 25 mg L 21 SRP is almost an order of magnitude higher than the 3 mg L 21 saturation threshold suggested for phytoplankton (Reynolds 2006) . The higher saturation concentration for benthic algae is probably related to the growth form of benthic assemblages. Benthic algae exist on substrata (rocks, logs, sediment, etc.) that create boundary layers through which nutrients move slowly by diffusion (Stevenson and Glover 1993) , even in flowing waters. Vertical growth by benthic assemblages extends the external boundary layer and creates a three-dimensional matrix of actively metabolizing cells through which nutrients must also diffuse. Thicker algal matrices are known to reduce the rate of nutrient movement (Stevenson and Glover 1993) . Uptake by cells within the matrix undoubtedly creates localized zones of depletion, exacerbating competition for dissolved nutrients. Single-celled phytoplankton, in contrast to benthic algae, exist in an uncrowded state, have very small diffusive boundary layers, and have relatively free access to nutrients in the water column. Smaller concentrations are apparently required to supply adequate nutrients to isolated phytoplankton algal cells than to benthic algae. In support of this scenario, Bothwell (1989) showed that growth rates of the thin, early stages of developing benthic algal assemblages were saturated at <3 mg L 21 while later, thicker stages saturated at 30-50 mg L 21 .
Light effects on algal biovolume-The quantitative response of the benthic algal assemblages to the experimental light gradient closely resembled a classic photosynthesis-irradiance curve. Algal biovolume increased linearly with increasing light up to <60 mmol photons m 22 s 21 then leveled off to an apparent saturation level by <100 mmol photons m 2 s 21 (Fig. 2b) . The modified Jassby and Platt (1976) photosynthesis-irradiance equation fit the biovolume response extremely well (r 2 . 0.99), indicating a close coupling between photosynthesis and growth. Inadequate photon supply clearly constrained algal accrual at low irradiances, undoubtedly due to light-limited carbon fixation. At higher irradiances (e.g., $100 mmol photons m 22 s 21 ), photons were in surplus and algal accrual became limited by another factor. In short-term photosynthesis measurements with nonlimiting inorganic carbon supplies, photosaturation of carbon fixation occurs when a cell's ability to harvest photons outstrips its ability to regenerate the carbon fixing enzyme ribulose bisphosphate (RuBP; Rivkin 1990 ). The activity of RuBP is unlikely to have directly limited algal biosynthesis, though. Growth limitation at photosaturating irradiances is frequently attributed to nutrient limitation, and the maximum biovolume growth rate at photosaturating irradiances in this study was indeed related to phosphorus concentration. However, photosaturation of algal accrual occurred even at high nutrient concentrations, suggesting an alternative limiting factor. Low CO 2 concentration may be a significant constraint on maximal photosynthetic rates in thickening benthic algal assemblages (Hill et al. 2008) .
Growth-vs.-irradiance curves such as those obtained in this study (Fig. 2b) enable rough estimates to be made of the degree of light limitation in streams where benthic irradiances are known. Algal growth should be strongly limited by inadequate light at daily irradiances #2 mol photons m 22 d 21 (equivalent to 40 mmol photons m 22 s 21 over a 14 h light period). Although there are few published data on measured daily irradiances in streams, irradiances as low or lower than 2 mol photons m 22 d 21 are not uncommon in woodland streams with moderately developed tree canopies (Hill and Knight 1988; Hill et al. 1995; Roberts et al. 2007) . Algal growth will be progressively less constrained by photon scarcity as streambed irradiances rise from 2 mol photons m 22 d 21 to 5 mol photons m 22 d 21 . At irradiances exceeding 5 mol photons m 22 d 21 (100 mmol photons m 22 s 21 over a 14-h light period), factors other than light (e.g., nutrients, inorganic carbon) are much more likely to limit algal growth.
The accuracy of predictions of light limitation based on the biovolume-vs.-irradiance curves such as the one developed in this study will naturally depend on how representative they are of the responses of algal assemblages in other streams. Differences in the taxonomic composition of stream algal assemblages must certainly have some influence on the levels of light that limit growth since species-specific differences in light utilization exist (Raven and Richardson 1986) . Unfortunately, studies that quantified the effect of light on stream algal growth over a gradient of light intensities are rare, so it is somewhat difficult to determine how representative our results are. In one of the few growthvs.-irradiance experiments performed on stream algae, Rier et al. (2006) reported that light did not limit growth of diatom assemblages unless daily irradiances were ,0.75 mol photons m 22 d 21 , and they concluded that algal growth is probably not light limited in many shaded streams. This is considerably less than the 5 mol photons m 22 d 21 that we found to saturate biovolume accrual. The difference may be due to the fact that Rier et al. (2006) measured growth rates only for the very early and thin stages of developing algal assemblages for which the effects of self-shading were probably minimal. The saturation levels observed in this study are quite similar to those obtained by Hill et al. (1995) and Hill and Dimick (2002) , who estimated from modeling and grazer growth data that in situ primary production was light saturated at daily irradiances between 4 mol photons m 22 d 21 and 8 mol photons m 22 d 21 . There have been a number of photosynthesis-irradiance studies of stream algae, but saturation irradiances derived from short-term photosynthesis measurements may not accurately predict the saturation irradiances for growth. In any case the instantaneous irradiance that saturated growth in this study (,100 mmol photons m 22 s 21 ) falls on the lower end of the 100-400 mmol photons m 22 s 21 range of saturation irradiances obtained in stream photosynthesis-irradiance studies (Hill 1996) .
Relative strengths of phosphorus and light limitation-The simultaneous manipulation of phosphorus and light provided an opportunity to compare the strength of their effects. When the mean responses of algal biovolume to phosphorus and light are compared, it is clear that light effects were strongest. Light treatments caused algal biovolume to range 103 while phosphorus treatments caused less than a 23 range in biovolume (Fig. 2) . The range of response to phosphorus would likely have been at least somewhat larger if SRP concentrations ,5 mg L 21 had been possible, but streams with SRP concentrations much less than 5 mg L 21 are probably rare. In a survey of U.S. streams, Omernik (1977) found that mean SRP was 9 mg L 21 in a subset of streams possessing the lowest SRP concentrations nationwide. These streams drained catchments with $90% forest cover. More recently, Binkley et al. (2004) reported median and mean SRP concentrations of 4 mg L 21 and 12 mg L 21 in 80 forested streams in the U.S. They also reported median and mean SRP concentrations of 7 mg L 21 and 14 mg L 21 in 27 forested streams in the southeastern U.S. Finally, Smith et al. (2003) estimated a background SRP concentration of 10 mg L 21 would have occurred in ,25% of U.S. streams before anthropogenic disturbance. The range of concentrations employed in this study clearly included levels that fell at the very low end of the range of concentrations in U.S. streams, indicating that our conclusion about the relatively low effect strength of phosphorus would be widely applicable. The range of irradiances employed in this study was also realistic, including low values that are common in shaded streams (Hill et al. 2001) .
Nutrients may be inherently less likely to limit primary production in streams than in lakes. Even when nutrient concentrations are low, flowing water delivers a constant supply of new nutrients to attached algae. In-stream uptake is known to reduce concentrations of nitrogen and phosphorus, but it does not affect groundwater influxes of these nutrients (Grimm 1987; Mulholland and Hill 1997) . This is unlike the situation in standing bodies of water (e.g., lakes), where uptake by algae affects a relatively limited total quantity of nutrients available. Nutrient concentrations may also be higher in streams because spates and grazers are effective in reducing the biomass of algae that take up nutrients and because groundwater and streamwater are closely connected (Mulholland and Hill 1997) .
Combined effects of light and phosphorus-Although overall effects of light were greater than those of phosphorus, phosphorus concentration did influence the ability of the benthic algal assemblages to use light energy to make new cells. The effect of phosphorus on algal accrual increased with increasing light (Fig. 2c) , and the separation of the biovolume means at the two lowest phosphorus concentrations from those at or above the apparent saturation concentration (25 mg L 21 ) was greatest at saturating irradiances ($100 mmol photons m 22 s 21 ). Photoinhibition of algal biovolume accrual at the lowest concentration (5 mg L 21 SRP) magnified the effect of phosphorus at the highest light intensity. Phosphorus may prevent photoinhibition for a variety of reasons, but one potential explanation is that phosphorus-deficient cells are unable to manufacture protective carotenoids in quantities sufficient to shield cells from the effects of excess photons. Assemblages growing at the highest irradiances in our experiments were noticeably lighter in color than the dark brown assemblages at lower irradiances, and those growing in low phosphorus streams appeared even lighter still.
While phosphorus limitation of algal growth obviously occurred at low phosphorus concentrations when light was saturating (irradiances $100 mmol photons m 22 s 21 ), it was not clear that phosphorus limited growth at subsaturating irradiances. Mean algal biovolume at subsaturating irradiances tended to be lowest in streams with the lowest SRP concentrations (Fig. 2a) , and algal biovolume was positively correlated with SRP at all experimental irradiances. However, correlations between biovolume and SRP were not statistically significant at lower light treatments. We are reluctant to dismiss the possibility of simultaneous limitation because there were relatively few replicates (n 5 3) for phosphorus treatments in our experiments and because these treatments were replicated over time, increasing the opportunity for time-associated experimental error to obscure treatment effects. Nonetheless, simultaneous limitation (colimitation) of algal growth by phosphorus and light is not well-documented in either phytoplankton or benthic algae (Hill and Fanta 2008) . Most reports of colimitation involve nitrogen, an element known to be required in higher quantities for algal cells to photoacclimate to low irradiances.
Stoichiometry-The light : nutrient hypothesis predicts that algal nutrient content will decrease with increasing light intensity (Sterner et al. 1997 ). This prediction held true for nitrogen in our study: algal nitrogen content was 40% greater at the lowest irradiances than at the highest ones. Photoacclimation by algae to low irradiances involves the accumulation of photopigments (e.g., Chl a) critical to the capture of sparse photons, and the manufacture of these pigments requires additional nitrogen (Falkowski and Raven 1997) . The Chl a molecule itself requires four nitrogen atoms, and the enzymes necessary for the synthesis of Chl a and other photopigments have even higher nitrogen requirements, so it is logical that cells acclimating and growing at low irradiances would have higher nitrogen content. Shade acclimation was clearly indicated by the 33 greater Chl a content of algae growing at the lowest light level in our experiment, and the tight relationship (r 2 5 0.92) between nitrogen and Chl a content strongly suggests that photoacclimation was a major factor in the negative relationship between light and nitrogen.
Algal phosphorus was not significantly affected by light, even in streams with growth-limiting phosphorus concentrations. Although shade acclimation appeared to require higher cell concentrations of nitrogen, a similar requirement for phosphorus was not evident. Dilution of cell phosphorus concentrations with excess photosynthate generated at higher irradiances also appeared not to have occurred. The failure of light to significantly diminish algal phosphorus content is inconsistent with phytoplankton studies that support the light : nutrient hypothesis (Urabe and Sterner 1996; Sterner et al. 1997) . It is tempting to hypothesize that benthic algal assemblages are so full of non-algal carbon that stoichiometric responses of algal cells are muted (Frost et al. 2005) . However, assemblage phosphorus content was sensitive to SRP concentration, responding in a hyperbolic fashion consistent with classic algal uptake dynamics. An overriding effect of non-algal carbon is also inconsistent with the strong nitrogen response to light. It is unclear why phosphorus content did not decrease significantly with light in this experiment, but other benthic studies have also failed to find negative effects of light on algal phosphorus content (Frost and Elser 2002; Hill and Fanta 2008) .
Algal assemblage structure-Although no large taxonomic shift occurred as the result of light and nutrient enrichment, the overstory species M. varians and F. rumpens became relatively more abundant as light and phosphorus increased. Both species are filamentous and lack obvious attachment mechanisms (e.g., specialized holdfast cells). They appear to maintain their position in flowing water through entanglement with species such as G. truncatum that attach to substrata with mucilaginous stalks. The decline in relative abundance of G. truncatum and the adnate A. minutissima with increasing light and phosphorus may have been at least partially due to shading by M. varians and F. rumpens. Overstory species are frequently observed to increase in abundance in benthic algal assemblages when abiotic constraints and grazing pressure are relaxed (Pan and Lowe 1994) . Large species such as M. varians may also respond particularly well to abiotic enrichment, as the selfshading and the allometric constraint on nutrient uptake that accompany large size should be disadvantageous when light or nutrients are limited.
Larger taxonomic shifts in response to light or nutrients may have ensued if our experiments had lasted longer. Substantial changes in species composition are likely to take longer than the 2-3 wk in which treatments were applied in this study. Diatoms colonize bare substrata (like the tiles in this study) quickly compared to other taxonomic categories and tend to dominate young assemblages (Fisher et al. 1982) . Given enough time and a source of colonists, cyanophytes or chlorophytes could have become more important contributors to algal biovolume in the stream channels enriched by phosphorus or light. The taxonomic response in our experiments to enrichment may be more closely representative of streams that experience frequent substrate-scouring spates than streams with stable hydrology. It is worth noting, however, that M. varians is widely associated with eutrophic conditions (Lowe 1974 ).
Environmental applications-The results of this study should help inform deliberations over the creation of protective nutrient standards for streams. Because few reliably precise quantitative relationships have been established between stream algal growth and nutrients, regulators have proposed nutrient criteria that are primarily based on the statistical distribution of stream nutrient concentrations. Specific criteria (concentrations) have been chosen at essentially arbitrary cutoff percentiles in these distributions. The resulting numbers have little inherent relationship to algal physiological ecology and may do little to prevent excessive algal growth. For example, the proposed phosphorus standard for the United States Environmental Protection Agency's corn belt ecoregion, determined by identifying the phosphorus concentration in the 25th percentile, is 76 mg L 21 total phosphorus (TP). This concentration is unlikely to provide any real protection against stream eutrophication because it is probably well beyond the saturation level for algal growth. If a TP : SRP ratio of ,2 : 1 is assumed (W. R. Hill unpubl.), the results of our study indicate that benthic algal growth would be saturated at ,50 mg L 21 TP. To effect any meaningful constraint on algal growth, a total phosphorus standard would need to be ,50 mg L 21 , and it may need to be ,25 mg L 21 . If environmental protection agencies are serious about protecting streams from the habitat degradation associated with nutrient-induced algal blooms, then the ecophysiology of algal growth needs to be considered during standard development.
The results of this study also underscore the importance of considering light regime when predicting the potential effect of nutrient enrichment. Shade moderates the response of benthic algae to nutrients, and although it may not completely negate nutrient effects, it can certainly reduce them. The ability of streamside trees to reduce streambed irradiances reinforces the importance of preserving buffer strips of mature trees around streams, especially if catchment land practices (e.g., agriculture, urban development) increase nutrient loading. The effects of suspended sediment in attenuating light penetration to the benthos may also deserve consideration when estimating the potential effect of nutrient enrichment. Many streams around the world are severely impaired as a result of suspended sediments. Ironically, these sediments may help mitigate eutrophication by reducing the light available to benthic algae. Conservation actions that reduce sediment loading to streams could have the unintended effect of releasing benthic algae from light limitation and allowing nutrient enrichment to stimulate algal blooms.
